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(57) Abstract 

A method is piovkled fat gener- 
ating an indicator of potential bit abra- 
sion in a particular wellbore. Forensic 
wellbore data is obtained fnm at least 
one previously drilled wellbose which 
is delenmined to be comparable to die 
particular target wellboie. topically, 
the oomparable wellboie comprises an 
"offset** wellbm which is i»roximate 
the taig^ wellbore, and which has sim- 
ilar geologic features. An inference 
engine computer program is provided 
which consists of executable pn^gram 
instructions! It is adapted to uti- 
lize a plurality of wellbore parameters, 
including the forensic wellbore data. 
The mfoence engine inchides at least 
one rule matrix which defines a plu- 
rality of fuzzy sets. These fiiz^ sets 
establish correspondence between the 
phirality of wellbore parameters and 
^ indicator of potential bit abrasion. 
The inference engine computer pro- 
gram is loaded onto a data processing 
system. At least ttie forensic wellb<xe 
data is supplied as an input to ^ infer- 
ence engine computer program. The 
data processing Systran is utilized to 

execute the program instructions of die inference engine computer program. This causes the application of the inputs to the inference engine 
computer program. The inference engine computer program produces as an output an indication of potential bit abrasion in the particular 
target wdlbore. 
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WO 00/50735 PCT/USOO/04626 

METHOD AND APPARATUS FOR DETERMINING POTENTIAL 
ABRASrVTTY IN A WELLBQRE 



BACKGROUND OF THE INVENTION 
This application claims the benefit of U.S. Provisional Application Serial No. 
1 0 60/121344, filed 24 Fdmiaiy 1999, atitled Method and Apparatus for Detennining Potential 
Abiasivity in a Wdlbore. 



Field of the bivention: 

The present invention relates in gpasacal to conqputer ir^^plemented processes for improving 
1 5 drilling operations, and in particular to a system and method for facilitating the selection and 
use of drill bits in ordo' to minimize die negative impact of abrasivity of the earth formation. 

Description of the Prior Art: 

Bit abrasion is an undesirable operating condition which impedes drilling operations, hi 
20 general, drilling operations are performed in a marmec which minimizes the possibility of the 
occurrence of bit abrasion. One factor ^iiich can be controlled is the selection of particular 
drill bits fixnn a group of available drill bits. Certain bits may be less prone to abrasion under 
certain drilling conditions, while oth^ bits are more prone to abrasion under certain drilling 
conditions. 

25 

SUMMARY OF THE INVENTION 
It is one objective of the present invention to provide a new system, mediod, and apparafiis for 
providmg an indicator of potential bit abrasion in a particular weUbore, wMch utilizes an 
inference engine con^mter program which consists of executable instructions, and which is 
30 adapted to utilize a plurality of wellbore parameters as iiputs, including fcnoisic wellbore 
data, and which includes at least one rule matrix wfaidi defines a plurality of fiiz^ sets vAaxii 
establish correspondence between die plurality of wellbore parameters and die indicator of 
potential bit abrasioiL 



35 It is another objective of the present invention to provide sudi an indicator of potential bit 
performance i^cfa provides an indication of die potential for undesirable abrasivity of earth 
formations. 
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It is another objective of the present invendon to provide an indicator whidi may be iitiB /?^ in 
selecting particular drill bits fixr use in a particular wellbore. 



Hie fisiegoing and additional objectives are achieved as follows. A mettiod is provided fat 
generating an indicator of potential bit abrasion in a particular wellbore. Forensic wdlbc»e 

10 data is obtained fiom at least one previously drilled wellbore wfaidi is d^ennined to be 
comparable to the particular tar]^ wellbore. TypicaUy, the comparable wellbore ccnnprises an 
'*ofi&ef wellbore ^ch is proximate the targ^ wellbore, and which has similar geologic 
features. An inference engine computer program is provided viiidi consists of executable 
piogram izistructions* It is adapted to utilize a plurality of wellbore parameters, including the 

15 forensic wellbore data. The inference engine incliides at least one rule matrix which defines a 
plurality of fiizTy sets. These ftuzy sets establish correspondoice between the plurality of 
wellbore parameters and the indictor of potential bit abrasion. The infoence engine computer 
program is loaded onto a data processing system. At least the forensic wellbore data is 
siqsplied as an ixq)ut to die inference engine computer program. The data processing systmi is 

20 utilized to execute the program instructions of the inference engine computer program. This 
causes die ^^plication of die iiq^uts to die infer^ice engine computer program. The inference 
engine computer program produces as an output an indication of potential bit abrasicm in die 
particular target wellbore. 

25 The above as well as additional objecdves, features, and advasiia^ will become qyparent in 
the following description. 

BRIEF DESOUPTION OF THE DRAWINGS 
The novel features believed diaracterisdc of the invention are set fordi in the appcodiod rlalmg 
30 The invoition itself however, as well as a preferred mode of use, iiirdier objectives and 
advantages thereof will best be undeirstood by reference to die following detailed desciq>tion 
of die preferred embodiment when read in conjunction with the acconqpaiiying drawings, 
wherein: 

35 Figure 1 is a simplified pictorial representalion of drilling nperflfrinnR vMrh may he mufhieted 

in accordance widi the present invention. 

2 
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5 Figure 2 is a block diagram iqiresentatiQii of tfie types of weilbore paimneters i^^cli may be 

l ltiHTB l l in accordance with the pr e iiaie d and altemarive emho diTnente nf thg pTRgfait inventimi. 

Figure 3 is apictorial rqiresaitation of a data processing system. 
10 Figure 4 is a graphical representation of the mobs number for particular minerals. 

Figure .1 is a graphical representation of the methodology utilized to d^ennine bsita strength. 
Figure 6 is a «;n:^hicai representation of the riiohr coulomb &ilure. 

15 

Figure 7 is a tfaree-dimoisional graphical representation of insitu strength in psi, fiiction angle 
in degrees, and bottomhole pressure in psi. 

Figure 8 is a graphical represoitation of the prefared rule matrix utilized m the prefened 
20 embodiment of the present invention. 

Figure 9 is a graphical representation of the coi]cq>t of fiizzy set membership. 

Figure 10 is a graphical repres»tation of set manbeiship versus confined compressive 
25 strength in psi. 

Figure 11 is a gr^hicalrq)resentationofset membership versus saxid content 
Figure 1 2 is a gr^hical r^resentation of fte defiizzification of die afarasivity index. 

30 

Figure 13 isa pictorial r^resentationoftest results for a test well. 

Figure 14 is a floivchart rqiresentation of the prefa r ed embodiment of ttie computer p mgr a m 

35 Table 1 a graph which rqxresents &ctors which are considered in determming the abrasion 
index* 
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5 DETAII^DDESCWnON OF THE INVENTION 

OVERVIEW O F DRTTTIM G OPERATIONS! Figure 1 defricts one example of drilling 
operations co ndu cted in accordance widi die present invention widi a downhole drill bit 
selected in accordance with die present invention based upon its suitability for the drilling 
conditions based at least in part iq)on its compatibility to a projected or anticipated potential 
10 for formation abrasivity as determined by an abrasivity index. 

As is diown, a conventional rig 3 includes a dctridc 5, denidc fl 

swivel 13/keUy joint 15, and rotary table 17. A drillstring 19 which inchides drill pipe section 
21 and drill collar section 23 extoids downward fiom rig 3 mto wellbore 1. Drill toilar 
15 section 23 preferably includes a number of tubular drill collar members which connect 
together, including a measurement-while-drilling logging subassembly and cooperating mud 
pulse telemetry data transmission subassembly, which are collectively refmed to hereinafter 
as ''measurement and communication system 25**. 

20 During drilling oporations, drilling fluid is circulated fiom mud pit 27 throu^ mud pump 29, 
toough a desurger 31, and through mud siq}plyUne 33 into swivel 13. The drilling mud flows 
through die keUy joint and an axial coitral bore in the drillstring. Eventually, it exists through 
jets which are located in downhole drill bit 26 which is connected to the lowennost portion of 
measuremott and communication systan 25. The drilling mud flows back up djrough die 

25 annular space hetwcea the onto- sur&ce of the drillstring and the iimer surfoce of wellbore 1, 
to be circulated to the sur£u:ewhae it is r^umed to mud pit 27 through mud return 1^^ A 
shaker screen (which is not shown) sq)arates f<smation cuttings fiom the drilling mud before 
it returns to mud pit 27. 

30 Prefiaably, measurement and communication system 25 utilizes a mud pulse telemetry 
tedmique to communicate data fiom a downlM>le location to die sur&ce while drillixig 
operations take place. To recdve data at ttie surfoce, transducer 37 is provided m 
communication widi mud sopply line 33. This transducer s^^^^ electrical signals in 
response to drilling mud pressure variations. These electrical signals are transmitted by a 

35 surfoce conductor 39 to a surfoce electronic processing system 41, vAdch is preferably a data 
processmg system widi a central processing unit finr executing pr ogr am instnicticms, and far 
responding to user commands entered ttirou^ either a ke^x>ai:d or a graphical ponith^ 
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5 device. The mud pulse telemetiy system is provided for communicaling data to the suffice 
oanoemiiig mimerous downbole conditioiis sensed by well logging transducer or 
measurement S3^stems that are ordinarily located witbin measurement and communication 
system 25. Mud pulses that define the data propagated to the sur&ce are produced by 
equipment vMdx is located within measurement and communication system 25. Such 

10 equipment typically conqnises a pressure pulse gpierator operating under control of 
electronics contained in an instrument housing to allow drilling mud to vent through an orifice 
extending through the drill collar wall Each tone the pressure pulse generator causes such 
venting, a negative pra^sure pulse is transmitted to be recdvedb An 
alternative conventicnal anarigCTent generates and tn As is 

15 conventional the circulating mud provides a source of mergy for a turbine-driven geneiator 
subassembly whidi is located within measurement and communication system 25. The 
turbine-driven generator generates electrical power for the pressure pulse geneiator and for 
various circuits including those circuits which form the operational componoits of the 
measurement-while-drilling tools. As an alternative or supplemoital source of electrical 

20 power, batteries may be provided, particularly as a back-up for the turbine-driven generatcH^. 

Figure 2 is a block diagram pictorial rqpresentation of the broad coiK:q)t of ttie present 
invention. As is shown, a rule matrix inference engine 101 produces as an output 103 an 
indicator of potential bit parforiDance. A number of ii^uts 105 may be provided to the rule 

25 matrix infaence engine lOL Figure 2 depicts exemplary types of irq)ut data includiiig mud 
type, mud wdght, bottomhole pressure, wellbore pressure, conqiressive strength, friction 
angle, moduli of elasticity, lithology including sand content In the preferred embodiment of 
die present invention, lithology data from o&ei wells is provided as one inpisL These wdls are 
located proximate die target well, and likely traveiise similar geologic formations at particular 

30 dqidis. The target well is expected to traverse the same types of formations at ^nerally Ite 
same types of dqjths. Therefore, die oi&et wells provide a good indicaticmofffae sand content 
diat is gohig to be drilled in die target well In accordance widi die prefoned embodiment of 
die present invention, die likely strengdi of die formation of die target well is also provided as 
an input to the rule matrbi inference engine 101. In die prefened embodiment, die rule matrix 

35 m&rence engine 101 receives diese two types of icpit, one bong derived from forensic fog 
data and die odier being projected strengdi and produces a nunierical m^^ 
ahrasioiL hi die preferred embodiment of die present invention, this data is used in die 
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5 planmng stages of Ae target wdlbore i n oider to select the types of bits w faicfa are more 
salable for particular drilliiig oonditioiis wfaidi have a greater potential fixr bit balling. In 
other words^ the rule matrix inference engine 101 is utilized in well planning operations in 
ordor to select particular bits which might perform betto* under projected abrasion conditions. 

10 The rule matrix inftrence engine 101 of Figure 2 is pref er a bly constructed utilizing executable 
program instructions. Preferably, the program instructions are executed by a general purpose 
data processmg system, such as that depicted in Figure 3. 

With reference now to the figures and in particular with refCTOice to Figure 3 . fliere is dsficHed 
15 a pictorial representation of data processing system 41 which may be progranmied in 
accordance widi ttie present inventioiL As may be seen, data processing system 41 includes 
processor 12 which preferably includes a graphics processor, memory device and central 
processor (not shown). Coupled to processor 12 is video di^lay 14 which may be 
inq>lemmted utilizing either a color or monochromatic monitor, in a manner well known in 
20 die art Also coupled to processor 12 is keyboard 16. Keyboard 16 preferably comprises a 
standard computer keyboard which is coupled to the processor by means of cable 18. 

Also coupled to processor 12 is a graphical pointing device, such as mouse 20. Mouse 20 is 
coiq>led to processor 12,.in amamier well known in the art, via cable 22. As is shown, mouse 

25 20 may include left button 24, and right button 26, each of ^ch may be dqnessed, or 
"clidced**, to provide command and control signals to data processing system 41. While the 
disclosed embodiment of the present invention utilizes a mouse, those skilled in the art will 
qipreciate that any graphical pointing device such as a lig|it pen or touch sensitive screen may 
be utilized to implement die method and apparatus of the presmt invention, l^pon reference to 

30 die forqiomg, those skilled in the art will Bppxedatc that data processing system 41 may be 
inqilemented utilizing a so-called personal computer. 

In accordance widi the preferred embodiment of die present invoition, die rule matrix 
inference engine 101 (of Figure 2) is constructed of executable instructions which are executed 
35 by a data processing system 41. What follows is a discussion of abrasivity, the abrasrvity 
index which is geoexstisd in accordance with die present invention, a discussion of the 
variables believed to affect ahrasivrty, a description of the rule matrix, a description of fuzzy 

6 
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5 set metfiodology, a discussioii of applicadon of ttie abrasivity index to one test wdl, and a 
discussion of the contents of the computer implemented rule matrix infoence engirc 101 of 
Figure 2. 

ABRASION IN GEN]BRAL: Drilling strategies most often dq>end on tfie paiticiilar 

10 fomtiatimis to be drilled and how they mi^afGxttiieulti^ 

bit Fot exanq>le, fte insertion point of PDC bits is often pidced to be at the start of long shale 
or carbonate sequences, if possible, leaving any abrasive sand horizons to be drilled towards 
tfieendoftfierun. This provides for fist driffirig in the overiying non abrasive to* 
dulling takes place at the end of the run in the sand The result is an overall fest rate of 

15 penetration and good economics. 

Absent dynamic efifects and the well documaited concomitant drill bit damage, cutto* tooth 
abrasion or wear plays the largest role in bit performance degradation. Since this abrasion is 
higjily dependent on the formations types, and the stress state undo- ^ch these formations 
20 are drilled it seems reasonable to calculate an abrasivity index that will provide some measure 
of abrasiveness. This, in tum, could be used to pick insertion points for particular drill bit 
types or otherwise influence drilling strategy. 



AN ABRASIVITY INDEX: One goal of tiiis work was to provide and index that ranges fimn 
0 to 1 and that corresponds to the abrasion potential of a given fonnaticm. Preferably, this 
mdex is derived fiom wire Une log data that is readily available. 

An abrasivity index of *0* would correspcHui to absolutely no abrasive wear potoitial and * 1 * 
to an ahnost certain sever abrasive wear potential Vahies above '0.5' would be deemed to be 
problematic. Further, the underiying algorithms should dqiend on tfie mimmum number of 
formation parameters (independent variables) while still mairt^mmg the ability to predict 
alnrasicm potmtial. Sinq>ficity m tfiis respect makes it easier to underatand cause and afibct 
relati on di ip s and ficilitates adjusting the algorithm to field experience. 

It is weU known that some operating pararneter such as bit rotary speed and wdg^ 
dramatic effects on wear. In the preferred embodnnent, operating paiametera arc not 
conadercd as part of to irklex since tiiey are not ahv^ kn^ 

7 
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5 can not always be prescribed with certamly. In the piefened embodimeat, this index 
ca tenlate s a potential far abrasive wear based solely on fcfrmadoa (particiilaily sand ccntent) 
and instxL stress data that has been obtained fiom wireline logs and odier readily available 
sources. 



10 VARIABLES PFT JFyKH T Q AFFECT BIT WEAR: Abrasive wear results when two or 
more bodies of different hardness are rubbed together. Asperities in the harder material act 
like small cutters that plastically gouge chips from the gnftpy unntftriyi Abrasive wear stiongfy 
depends on material hardness v/bkik is directly proportional to die yield strength of die 
material s^dwhidi is ranked by a number of precisely defi^ TheMohVscale^di 

15 is used mostly by geologists to describe the hardness of various minerals and for that reason is 
interesting for drilling rock is shown in Figure 4 with other scales for comparison. It should 
be noted diat the Moh's scale is non-linear but interesting because certain minerals have 
convenient values^ most notably diamond which has a value of 10 and quartz which has a 
value of 7. When a material is chosen to cut or remove anoth^ material it must be much 

20 hardo- dian the material it will be removing. Diamond (Moh's hardness = 10) and tungsten 
caxfoide, (Moh's hardness > 9) are used almost exclusively to rraiove rock which often has a 
hardness of 7, quartz (sand). 

In the case of a drag bit, diamond cutters backed with tungsten carbide scrape along a rock 
25 surfece removing the material In this process, the haxider rode minerals, most importantly^ 
quartz, are surprisingly capable of blunting diamond and tungsten carbide even though diese 
minerals are significantly so&sr than rfiamnnd and tungstm carbide. 

Lee and ffibhs (1978) explain how quartz and other rock minerals are able to wear 
polycrystalline diamond They found that die diamond was removed by a smM scale 
30 mioofiracturing process ^ch was charactmzed by die dislodging and pulling out of 
individual diamond grains. This process continues until eventually relatively large wear flate 
finm^idudiy in tnrKi» are enable of degradirig cutter perfonnaiice. 

AccGiding to Glowka, et aL (1984X heat ^Derated by fiicticm b^een die rode and cutter at 
35 die wear flat removes die cobalt (Co) m die WC substrate directly bdbm^ Once 
the Co, whidi to some extent binds the tungsten carbide, is removed tungsten carbide 
fiscturing quickly follows. This leads to diamond table fnurture because of die lack of siq^^ 



SUBSTTTDTE SHEET (BDLE2C) 



r 

wo 00^0735 PCTAJS00/04d26 
5 fin- the diamond tabte against drilU^ This heat related mechanism opeiates 

in tandem witfi the diamond niicrofiacturing medianism described by Lee a mf Hibbs. 
The end result is that rock minerals that are significantly softer tfian both diamond ^d 
tungsten caibide can cause significant wear to the cutting tool. If drilling parameters are 
diosen that generate a lot of heat, for example hi^ weight, hi^ rotary spe&d or both; or if die 
10 formation to be drilled has a hig^ quartz (sand) contmt diis wear can proceed at a very fegt 
pace, indeed. 

. In addition to hardness, the shape of the quartz grains and how tightly Aese g raim are heM in 
place (how strong the foranation is) are though to play a role in ahrasiveness. Angular quartz 
15 grains that are finnly held in place are felt to be more abrasive than round ones that are loose. 
Goodman, et al. (1997) and Ledgowood (1995) have postulated that the internal angle of 
fiiction of a sand or sandstone formation is a direct measure of the formation abrasivoiess and 
related to rock strength. The hard proof of this is still outstanding though circumstantial 
evidence seems to confirm the idea. 

20 

Plumb (1994) and Ledgerwood (1995) have demonstrated tiiat internal friction can be 
estimated from rock porosity and other measures making it possible to estimate abrasion 
potential fiom log data. We also have the ability to estimate unconfined compressive strengdi 
fix>m sonic transit times. Given UCSaiui internal angle of fiiction it is possible to calculate an 
25 '/'insitu' strength. 

Assuming the above to be true, it seems reascmabie that the initial abrasion index could depmi 
<m formation constituent mineral hardness as determined by sand content and strengdi as 
detennined by insitu or confined conqoressive strei^th. Sand content is detennined by die 
30 lidiology recognizer directly and will serve as an to the abrasion index, 'hisitu' 
fiimiiation strengdi is detennined by the UCS and intenial angle of More will be said 

about how diese are calculated and tntopreted later. In summary Table 1 in describes in broad 
overview our strategy for the abrasion index. 

35 THE MEANING OF TNS mr STRENGTH: Unconfined compressive strengdi (UCS) canbe 
calculated finm scmic transit time and lidiology data. This was chosen because it is simple. 
Some in the industry claim to calculate ^insitu' strengdi, but then are unclear when explaining 

9 
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5 exactly what they have calculated. We feel that 'insitu' strength can be mfmm^tt^ 
particularly for an abrasion index but one has to be clear witfi regard to how it was ^^iraiiaf^ 
and vrfiat it means. 

Rock Mure is often described using the Mohr Coulomb feilure criteria. Accordingly, fiutare 
10 sttengdi is not cme value, but increases as the confining pressure on die fibric of the rock 
increases. It foUows that in the drilling environment die stragdi of the rod^ 
dqiml on the stresses ^lied to the rode by its surroundings. This includes pressure fiom the 
. nnid column, stresses induced by die cuttor, stresses induced by the lidiostatic column of rode, 
possibly stress concentration fectors resulting fixnn the bore hole and stresses j»K}»^>CTj by the- 
15 fonnation pressure. It is fiirttier complicated by die &ct diat some of these stresses can vary 
with time and the advance of die drill bit For exanqile, the pore pressure will increase as 
filtrate fiom the mud invades the pore ^ace of the socm to be drilled rode 



Because of the above, calculating the 'insitu' rock strength right at die cutter is very difficult 
20 aldiough some researchers have looked at parts of die pioblenL Galle and Wilhoit (1961) 
calculate the stress concentration fectors resulting fiom a bore hole in a semi- infinite half 
^ace, and Warren and Smith (1985) discuss the duinges that occur in efiecdve stress in a ncm 
permeable rock (shale) as a bore hole approaches fix>m above. Hanson and Tibbitts (1991) 
discuss the rate of mud filtration at the bore hole boundary and its affect on efiFective stress and 
25 finally Kolle (1993) discusses how rock porosity and permeability and the loading rate of the 
cutter can lead to dynamic confining or strengthening. 

For simplicity, we have elected to calculate the strengdi of the rock at die side of the boie hole 
and at least one bore hole diameter away fit>m the bottom as shown in Figure 5. We have 

30 dedded to calculate the 'insitu* stress value that corresponds to the strongest die rock at this 
location coidd potentially become by assuming that die effective confining stress (the stress on 
the rode fibric diat str eng die n s the rock) is equivalent to the total bottom hole pressure. 
Finally, we have elected to ignore the effects that the cutting process would have on die 
potential strengdiening or weakening of die rock. As assumed above, diis estimated 'msitn' 

35 strengdi value conesponds to the value one would measure in a compression test ynarhmet as 
described below widi die confining stress s^ equal to die bottom hole pressure. 
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5 CALCULATING TOSITtr STRENGTH: Our goal is to calculate 'insitu* staigdi as a 
function of the parameters that we know fiom wire line logs, mud weig^ and depth. Befixie 
doing so it is infimnative to understand a few of die fimdamen^ 

ROCK FAIL URE STRENGTH DETERMTNATTON! 'Insittt' rock strengdi is noimaily 
10 detennined by peifenning a suite of compression tests on rig(^ The 
goal is to perfonn one or more tests at a number of confining pressuies and by so doing obtain 
a value for the strength of die rock at each confining stress. These data are &en plotted 
according to an accepted fiihire theory sudi as Mohr Coulomb. 

15 Mdbr Coulomb fidlure dieory is represented in shear stress - nonnal stress space. Figure 6 
illustrates atypical plot of two triaxial compression tests. The confining stress, s,, (we 
this equal to die Bottom Hole Pressure, BHP) and the compressive stress at Mure s, are 
plotted on the horizontal axis and a circle of diameter s,- S3 is drawn witii the center at (s,+ 
s^yi. This is done finr eadi test A line is then drawn as closely as possible tangent to the 

20 circles as Aawn in Figure 6. Stress states below this line are safe and above this line are 
fidlure. The slope is equal to the tangoit of the angle of internal fiiction, 6. Large angles of 
internal fiiction mean that this line is steep and insply that the rock strragthens significantly 
with confining stress. The shear value coiiesponding to the tangent point of the circle and line 
represrats the *insitu* shear strength for the stress state rqjresented by that particular circle. 

25 The line's intercept with die votical axis is called the cohesion and rqjre2K;:its die shear 
strength of the rode in a direct shear test This is different fiT>m the unconfined cortqiressian 
strength which corre^xinds to the s, value for a test mndiirtftd at 7^ c ^fitmig preggnre 

As moitioned above, sonic velocities and Udiology have been shown to correlate with the 
30 unconfined compressive strengdi and rock porosity and odier measures have been shown to 
conelate widi die angle of intCTial fiicdon. Knowing these two parameter it is possible to 
construct a Mohr Coulomb fidhire diagram and calculate the rock strengdi finr any stress state, 
or in other words, calculate an estimate of *insitu' strengdL The 'insitu' strengdi we will be 
calculating correspcmds to s, in Figure 6. 

35 

CAXfC^Uy^THON: For the purposes of routine calculation it is more convenient to recast St 
(confined compressive strengdi). into a fimction of confining stress, fiiction angle, and 
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5 cohesion. We have done this and the equation in Figure 7 is die lesult Our calculation, 
estimates maximum rode stieugUi sets ccmfining pressure equal to bottom hole pressure; 
estimates the fiicti(m angle fiom porosity and estimates the unconfined c om pres s ive strength 
fiom sonic velocities and the lithology identifier. A plot of i^^iat the confined c om p r e ssi ve 
strength is &r a ran|^ fiiction angle and bottomhole pressure values is ^own in Figure 7. 

10 

DESCRIBING THE RULE MATRTY! There is no 'right and only' method fiir constnicting 
or calculating die ahrasivity index. The goal is to provide a warning iftiieir is a potential of 
ahrasivity and die baas for calculating diat warning or index is solely based on past 
experience. The calculation should be readily modifiable if new or different exp^^ice is 

15 gained in the fixture. For sinq>licity die two parameters discussed above woe decided on: sand 
content and strength. A rale matrix was constructed as ^own in Figure 8. Here, the nudn 
parametos are *insitu' strength v/bitb is calculated as described above and which takes on die 
vahies of Hig|i Strcngdi, HS; Medium Strengdi, MS; and Low Strengfli, LS. Sand contmt 
whidi is extracted fiom the Htfaology identifier takes on the values of No Sand, NS; Low Sand, 

20 LS, Medium Sand, MS; and Hi^ Sand, HS. These indq>aident variables are mapped into die 
abrasive index variables which are d^mnined by the rule matrix and wfaidi can take on die 
values No Abrasion, NA; Low Abrasion, LA; Medium Abrasion, MA; and Hi^ Abrasion. 
HA. This rule set is our first guess and subject to findierimprovCTient 

25 FUZZY SET METHODS: ^Fuzzy methnds ran rfpcr^n-w nc^ng v^^T^ ^ In tiiis exanqile, 
tallness set membership is plotted versus height One might ask: ^Vfarn is a person considered 
tallT*. A crisp answer might be stated as, ""ifhei^t equal to or greater than 6' 0*'ttien tall**. 
What ifa person is 5* 11*7 Is he then short? The all or nothing aspect ofoi^ values is in diis 
case unsatis&ctoiy. 

30 

Using fiizzy set dieory die following statement would be made, "Ifheight equal to 6' 0** dien 
OStsiOr. The person bdongs 50% to die talfaiess set and presumably 50% to d^slu^^ 
A person 6 ' 3" tall would belong approximately 75% to die taUness set and so fycfb. 

35 Figures 1 0 and 1 1 depict die fiizzy sets diat have been constructed for ccmfined con^iressive 
strengdi and sand content and make possible die transfimnadon of a crisp value taken fiom a 
log into the Unguisdc variables desoibed above. For example, let us assume we have a UCS 

12 
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5 ieadiiigof*'A"aiulasandraiitemof"60%"psi. FromFigure lOitcanbeseentfmtastrengdi 
of ''A'* bdongs about 60% to die medium strength "MS" and about 40% to tbe 
strength, "HS" Similar considearations for sand contmt would show 80% memberahip to 
the medium sand, 'MS' set and about 20% membership to tiie low sand 'LS' set 

10 Each combination of strength and sand content sets forms an input pair. Not all ttie rules, 
however, are fired with the same intensity. Thedegreeof firing dq>ends on the mmimum set 
membership value of each pair. Defozzifying the four minima is accomplished widi an output 
finsys^ Oat for our example is diown in Figure 12. There is a bar or set for eadi severity of 
ahrasivity (••NA" for no abrasion; 'lA" for low abrasivity, **MA** for moderate abnisivity; and 

15 "SA- for severe abrasivity). The height of each barranges fiom 'O" to * rand is deteraiined 
by die values of the four minima. This is iUustrated in Figure 12. These sets are tfien 
geom^cally comhnied and the centroid of the result geometric area calculated. The value of 
this centroid rqiresents the defiizzified balling index of O.S as shown in Figure 12. 

20 Calculating the abrasivity index using the above rule set and the fiizzy s^ methods for all 
combinations of strength and sand contmt results in the response surfoce which should be 
smooth and 'well behaved*. 

If expmence should show that the abrasivity index is not accurate, modification is done 
25 simply ty changing the rule matrix to mcro closely agree with the new experience. Of course 
the as5unq>tion, hm, is diat strength and sand content are die most influential param^ers that 
describe balling ahrasivity. If another variable is found to be more or as important it could 
either rqplace one of the above or be added into die scheme by using addhional rule matrices. 
Care must be taken, however, since each new variable dramatically mcieases die number of 
30 niles that must be calibrated. 

^yatnple Well. Baker ffn jdies Emerim ental Tp^ A rea. Beggs. OVIahcwia- Baker Hu^ 
operates an egqierimental drilling &cility in B^gs, OK about 30 miles southwest of Tulsa. 
The fiiTDiations have been extensively logged to about 3000 fe^ vertical dq^ Because die 
35 well is diallow calculated abra^ty will be primarily a function of sand content 
The calculation was performed for known abrasive formations scattered thiou^ the interval 
of 2500-3000 feet The results are shown and correlated widi lithology in Figure 13. As 

13 
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5 can be seen die abrasivity index does jump to values above 0.5 v/hm ttie sand contenl is 
Obviously, more field cafibiations at greater dq>th need to be perfimned 

Figure 14 is a flowchart representation of the prefened anbodiment of the computer program 
of Ae present invention. As is shown, the computer program receives inputs 201, 203. Tnpnt 

10 201 is data ^ch rq>rese u t s the strength of flie fomiation (and wfaich is based on forensic 
infimnation), ^^e iiq>ut 203 represoits the sand content of the likely fimnation. These are 
supplied as an input to blodc 205 which transforms the ansp memberships into memberdups 
infiizzysets. Tlie fiizagr strengdi iiifonnation and fiizzy sand content 
. as an hqput to block 207, ^ch fires ttie appropriate rules in the rule matrix and tfie signs 

15 degree of firing. Next, in accordance with block 209, the contributions fi:om eadi rule is 
geometrically combined to calculate a centroid. Then, in accordance with block 211, an 
abrasivity index is generated which provides Ae usefiil infonnatioiL 

Aldiough flie invention has beoi described with reference to a particular onbodiment, diis 
20 description is not meant to be construed in a limiting sense. Various modifications of flie 
disclosed embodiments as well as alternative embodiments of tiie invention will became 
apparent to persons skilled in the art iqxjn reference to the description of the invmticm. It is 
therefore contonplated ttiat the appended claims will cover any such modifications or 
embodiments that M witiiin the scope of tJie invmtion. 
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5 What is daimed is: 



1 . A method of providing an indicator of potential for abrasive wear of a 
drill bit in a particular wellbore, comprising: 

10 (a) obtaining forensic wellbore data from at least one previously 

drilled wellbore which is determined to be comparable to said particular 
wellbore; 

(b) providing an inference engine computer program consisting of 
15 CMOcutable program instructions, and adapted to utilise a plurality of wollbore 

parameters. Including said forensic wellbore data; 

(c) loading said inference engine computer program on to a data 
processing system; 

20 

(d) supplying as an input to said inference engine computer program 
said forensic wellbore data and at least one other of said plurality of wellbore 
parameters; and 

25 (e) utilizing said data processing system to execute program 

instructions of said inference engine computer program to apply said input to 
said inference engine computer program and to produce as an output an 
indicator of potential for abrasive wear of a drill bit in said particular wellbore. 

30 2. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1, further comprising: 

(f) obtaining empirical wellbore data from said particular wellbore 
during drilling operations; and 

35 

(g) additionally supplying said empirical wellbore data as an input to 
said inference engine computer program. 

15 
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3. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1 , wherein said forensic wellbore data includes at 
least log data which indicates sand content. 

10 4. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1 , wherein said forensic wellbore data includes at 
least one of: 

(a) data which relates to sand content; and 
15 (b) data which relates to formation strength. 

5. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1 , wherein said forensic wellbore data includes both 
of: 

20 

(a) data which relates to sand content; and 

(b) data which relates to formation strength. 

6. The method of providing an indicator of potential for abrasive wear of a 
25 drill bit according to Claim 1 , wherein said forensic wellbore data includes both 

of: 

(a) log data which provides an indication of likely sand content at 
particular depths; and 

30 

(b) log data which provides an indication of likely formation strength 
at particular depths. 

7. The method of providing an indicator of potential for abrasive wear of a 
35 drill bit according to Claim 1 , wherein said data which provides an indication of 

likely formation strength at a particular depth comprises data which provides 
an indication of likely unconfined compressive strength of formations at 
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particular depths. 

8. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1, wherein said indicator of potential for abrasive 
wear of a drill bit comprises a numerical indicator of potential for abrasive wear 
of a drill bit. 

9. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1, wherein said numerical indicator comprises a 
numerical value in the range between an upper boundary value and a lower 

^ t>oi;;idary value. . 

10. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 2: 

(h) wherein said indicator of potential for abrasive wear of a drill bit is 
generated repeatedly during drilling operations; and 

(i) wherdn said indicator provides an indication of potential for 
abrasive wear of a drill bit before abrasive wear occurs. 

1 1 . The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 10 further comprising: 

(j) altering at least one drilling condition in response to said indicator 
in order to diminish the probability of abrasive wear of a drill bit occurring. 

12. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 11, wherein said at least one drilling condition 
includes at least one of: 

(1) mud type; 

(2) bit type; 

(3) brt hydraulics; 

(4) rotary speed; and 
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(5) weight on bit. 

1 3. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1, wherein said inference engine comprises a rule 
matrix. 

14. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1 3, wherein said rule matrix establishes 
correspondence between said plurality of wellbore parameters and said 
indic^^tor. 

15. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 13, wherein said rule matrix defines a plurality of 
fuzzy sets. 

1 6. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 1 5, wherein said each of said fuzzy sets is identified 
to at least one corresponding membership function. 

17. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 16, wherein collectively said fuzzy sets define a 
responsive surface which relates said plurality of wellbore parameters ia said 
indicator of potential for abrasive wear of a drill bit. 

18. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 13: 

wherein said rule matrix is composed of a plurality of qualitative 
descriptions for each said plurality of wellbore parameters; and 

wherein each of said plurality of qualitative descriptions has a 
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wherein said inference engine computer program combines the 
effects of said plurality , of weilbore parameters through said indicator of 
potential for abrasive wear of a drill bit in said particular weilbore. 

1 9. The method of providing an indicator of potential for abrasive \;vear of a 
drill bit according to Claim 18, wherein said nuriierical value which is 
associated with each of said plurality of qualitative descriptions is adjustable in 
order to allow modification of said inference engine. 

20. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 19, wherein said numerical value which is 
associated with each of said plurality of qualitative descriptions is adjustable in 
order to allow modification of said inference engine, in order to allow 
calibration of a response surface which defines a universe of possible values 
for said indicator of potential for abrasive wear of a drill bit. 

21 . An apparatus for providing an indicator of potential for abrasive wear of 
a drill bit in a particular weilbore, comprising: 

(a) a data processing system adapted for execution of program instructions; 

(b) an inference engine computer program composed of executable program 
instructions, and including: 
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(1) an inference engine program module which includes a rule matrix 
which ^ablishes correspondence between a plurality of wellbore parameters 
and an indicator of potential for abrasive wear of a drill bit and which combines 
the effects of at least two distinct wellbore parameters utilizing said rule matrix 
in order to produce as an output an indicator of potential for abrasive wear of a 
drill bit; and 

(2) an input program module for receiving data corresponding to at 
- least two of said plurality of wellbore parameters and supplying said data to 

said inference engine program module. 

22. The apparatus for providing an indicator of potential for abrasive wear of 
a drill bit according to Claim 21 , wherein said inference engine further includes: 

(3) an output program which provides in a human-readable format 
said indicator of potential for abrasive wear of a drill bit. 

23. The apparatus for providing an indicator of potential for abrasive wear of 
a drill bit according to Claim 22, wherein said indicator for potential abrasive 
wear of a drill bit is presented in human-readable format cf a single numeric 
value from a range of available numeric values between an upper numeric limit 
and a lower numeric limit. 

24. The apparatus for providing an indicator of potential for abrasive wear of 
a drill bit according to Claim 21, wherein said inference engine computer 
program further includes: 

(3) program instructions for recursively computing said indicator of 
potential for abrasive wear of a drill bit during drilling operations. 
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25. The apparatus for providing an indicator of potential for abrasive wear of 

a drill bit according to Claim 21, wherein said input program module of said 
inference engine computer program comprises: 

(2) an input program module for receiving data corresponding to at 
least two following distinct wellbore parameters: 

(a) forensic wellbore data from at least one previously drilled 
wellbore which is determined to he comparable to a subject wellbore; and 

(b) empirical wellbore data related to said subject wellbore; 

and 

for supplying said data to said inference engine program module. 

26. The apparatus for providing an indicator of potential for abrasive wear of 
a drill bit according to Claim 21, wherein said inference engine program module 
includes a rule matrix which establishes correspondence between the two 
following distinct wellbore parameters: 

(a) forensic wellbore data from at least one previously drilled 
wellbore which is determined to be comparable to a subject wellbore; and 

(b) other wellbore data related to said subject wellbore; and 

and an indicator of potential for abrasive wear of a drill bit, by combining the 
effects of the forensic wellbore data and the other wellbore data utilizing said 
rule matrix in order to produce as an output and indicator of potential for 
abrasive wear of a drill bit of said subject wellbore. 

27. A method of drilling a wellbore, comprising: 

(a) obtaining forensic wellbore data from at least one previously 
drilled wellbore which is determined to be comparable to a target wellbore; 
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(b) providing an inference engine connputer program consisting of 
executable program instructions, and adapted to utilize a plurality of wellbore 
parameters, including said forensic wellbore data; 

(c) loading said inference engine computer program on to a data 
processing system; 

(d) supplying as an input to said inference engine computer program 
saiG'fo^enaic wellbore data and at least one othsr of said piuraiKv of v^Mbore 
parameters; 

(e) utilizing said data processing system to execute program 
instructions of said inference engine computer program to apply said Input to 
said inference engine computer program and to produce as an output an 
indicator of potential for abrasive wear of a drill bit in said target wellbore; 

(f) providing a plurality of available rock bits for use in drilling 
particular portions of said target wellbore, with particular ones of said plurality 
of available rock bits having different resistance to abrasive wear which 
corresponds generally to said indicator of potential for abrasive wear of a dr:!! 
bit; 

(g) selecting a particular one of said plurality of available rock bits 
based at least in part upon said potential for abrasive wear of a drill bit as 
predicted by said indication of potential for abrasive wear of a drill bit; 

(h) connecting said particular one of said plurality of available rock 
bits to a drilling string; and 

(i) performing drilling operations. 
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5 28. The method drilling a wellbore according to Claim 27, further 
comprising: 

(j) obtaining empirical wellbore data from said target wellbore during 
drilling operations; and 

10 

(k) additionally supplying said empirical wellbore data as an input to 
said inference engine computer program. 

29. The method of drilling a wellbore according to dakx: 27, whereiTi said 
16 forensic wellbore data includes at least log data relating to fomnation types. 



30. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 27, wherein said forensic wellbore data includes at 
least one of: 

(a) data which relates to sand content; and 

(b) data which relates to formation strength. 



31. The method of providing an indicator of potential for abrasive wear of a 
25 drill bit according to Claim 27, wherein said forensic wellbore data includes 
both of: 



(a) data which relates to sand content; and 

(b) data which relates to formation strength. 

30 

32. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 27, wherein said forensic wellbore data includes 
both of: 

35 (a) log data which provides an indication of likely sand content at 

particular depths; and 
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(b) log data which provides an indication of likely formation strength 
at particular depths. 

33. The method of providing an indicator of potential for abrasive wear of a 
drill bit according to Claim 27, wherein said data which provides an indication 
of likely formation strength at a particular depth comprises data which provides 
an indication of likely unconfined compressive strength of formations at 
^rticular depths. 

34. The method of drilling a wellbore according to Claim 27, wherein said 
indicator of potential for abrasive wear of a drill bit comprises a numerical 
indicator of potential for abrasive wear of a drill bit. 

35. The method of drilling a wellbore according to Claim 27, wherein said 
numerical indicator comprises a numerical value in the range between an upper 
boundary value and a lower boundary value. 

36. The method of drilling a wellbore according to Claim 27: 

(I) wherein said indicator of potential for abrasive wear of a drill bit is 
generated repeatedly during drilling operations; and 

Im) wherein said indicator provides an indication of potential for 
abrasive wear of a drill bit before drilling occurs. 

37. The method of drilling a wellbore according to Claim 36, further 
comprising: 

(n) altering at least one drilling condition in response to said indicator 
in order to diminish the probability of abrasive wear of a drill bit occurring. 
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38- The method of drilling a wellbore according to Claim 37, wherein said 
at least one drilling condition includes at least one of: 

(1) mud type; 

(2) bit type; 

(3) bit hydraulics; 

(4) rotary speed; and 

(5) weight on bit. 

39. The method of drilling a wellbore according to Clcgr;i 27, wherein said 

infere-icc engine comprises a rule matrix. '* 

40. The method of drilling a wellbore according to Claim 39, wherein said 
rule matrix establishes correspondence between said plurality of wellbore 
parameters and said indicator. 

41 . The method of drilling a wellbore according to Claim 39, wherein said 
rule matrix defines a plurality of fuzzy sets. 

42. The method of drilling a wellbore according to Claim 41, wherein said 
each of said fuzzy sets is identified to at least one corresponding membership 
function. 

43- The method of drilling a wellbore according to Claim 42, wherein 
collectively said fuzzy sets define a responsive surface which relates said 
plurality of wellbore parameters to said indicator of potential for abrasive wear 
of a drill bit. 
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44. The method of drilling a weilbore according to Claim 39: 



wherein said rule matrix is composed of a plurafrty of qualitative 
descriptions for each said plurality of weilbore parameters; and 

wherein each of said plurality of qualitative descriptions has a 
numerical value associated therewith; and 

wherein said inference engine computer program cinnbines the 
eff^s of said plurality of ^Vi/ellbore- parameters through said-indicator of 
potential for abrasive wear of a drill bit in said target weilbore. 

45. The method of drilling a weilbore according to Claim 44, wherein said 
numerical value which is associated with each of said plurality of qualitative 
descriptions is adjustable in order to allow modification of said inference 
engine. 

46. The method of drilling a weilbore according to Claim 45, wherein said 
numerical value which is associated with each of said plurality of qualitative 
descriptions is adjustable in order to allow modification of said inference 
engine, in-order to allow calibration of a response surface whfoh defines a 
universe of possible values for said indicator of potential for abrasive wear of a 
drill bit. 
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